I. INTRODUCTION
Ion-molecule reactions take part frequently around us in very varied and important nature stages. The interest for this type of reactions extends to various research fields of physical chemistry and chemical physics areas, such as atmospheric chemistry processes 1, 2 or those related to astrochemistry, 3 gas-phase catalysis, plasma formation, 4 and even some charge transfer processes, 5, 6 and also those involved in biological systems. [7] [8] [9] Among the mentioned areas, those related to our planet's atmospheric processes (and of other planets and moons within the solar system too) are particularly interesting since they provide information related to the origin of the universe and its evolution to the present day.
In order to study such ion-molecule reactions in the few eV collision energy range, a Radio Frequency Guided Ion Beam (RF-GIB) 10 apparatus has been developed over the last 10 years in our laboratory. This has been used to research adducts' formation of alkali ions with polar 11 and nonpolar molecules 12 and more recently, some reactions involving halogenated organic compounds and alcohols as commented below. a) Author to whom correspondence should be addressed. Electronic mail: a.aguilar@ub.edu
Dehydrohalogenation and dehydration of halogenides and alcohols induced by alkali ion collisions were observed in the late 1970s, by Wieting et al. 13 and also by Allison and Ridge. 14, 15 They observed that ion-molecule reactivity depended mainly on the halogenide or alcohol nature and also on the particular alkali ion, lithium being the most reactive. A possible reaction mechanism was proposed. 15 Using crossed beam techniques, Creasy and Farrar studied the dehydrohalogenation of some propyl chloride and propyl bromide isomers induced by collisions with low energy Li + , measuring branching ratios for different reaction channels 16 at fixed collision energies, and also the similarly induced t-butanol dehydration in the gas phase. 17 In our previous studies on ion-molecule dehydrohalogenation or dehydration reactions, [18] [19] [20] [21] [22] we reported excitation functions for different reaction channels including some for previously not-described reactions. [14] [15] [16] [17] These studies were complemented by ab initio calculations with which it proved possible to characterize the stationary points associated with the different reaction channels in the ground singlet state potential energy surface (PES) on which the adiabatic reactive processes took place at low collision energies. It is a well-known fact that alkali ions, on colliding with neutral molecules at low enough pressure, can form stable ion-molecule adducts, 23 and in fact our experiments in single collision conditions clearly confirm such formation of an adduct before the system evolves to products where the alkali ion is coordinated either with the unsaturated hydrocarbon or with the removed molecule. Besides simple eliminations, on increasing collision energies our experiments detected adduct decompositions leading to a carbocation and the corresponding alkali hydroxide (in the case of ion-alcohol reactions) or halide (in ion-halogenide ones). This additional reaction channel involving the heterolytic cleavage of the original halogen atom (or the OH group)-carbon chemical bond has not previously described.
In this work, we study reactive processes taking place between lithium cations and the i-C 3 H 7 X (X = Br, OH) molecules in the 0.00-10.00 eV collision energy range, all reactants being in their singlet electronic ground state. In the light of previous experiments, we expected to observe [Li− −i-C 3 H 7 X] + adduct formation at low collision energies as well as the elimination reactions leading to the products shown in reactions (1) and (2),
where X = Br, OH being reaction products (1) and (2), while the channel leading to [Li− −i-C 3 H 7 X] + formation will hereafter be referred to as (0). In the collision energy range studied, in addition to reactions (1) and (2), a decomposition can be expected to take place,
And, on increasing still more the energy, the C 3 H 7 + formed in (3) can be expected to further decompose, [ 
while other possible C 3 H 7 + decomposition channels have not been observed. [24] [25] [26] To the best of our knowledge, neither reaction (3) nor (4) for the systems reported here has been described in the bibliography, nor were reactions (2) and (3) observed in earlier studies of the same. 14, 15 In this work in Section II a brief description on the experimental setup and the details of the quantum chemistry calculations are given. The experimental and computational results for the Li + + i-C 3 H 7 Br dehydrohalogenation reactions are shown in Section III, while Section IV reports on the equivalent information for the Li + + i-C 3 H 7 OH dehydration reaction. Finally, a discussion and an interpretation of the experimental results at the light of the ab initio quantum chemistry calculations followed by a few conclusions are given in Sections V and VI, respectively.
II. EXPERIMENTAL SETUP AND QUANTUM STRUCTURE CALCULATIONS

A. Brief description of the experimental setup
The RF-GIB setup used in this work has been extensively described in the bibliography, 10 so only a brief outline is given here. In the present study, a pure 6 Li + ( 1 S 0 ) beam, formed by the thermionic effect by heating an aluminosilicate pellet (HeatWave Laboratories) to 1000-1200 K, is mass-selected by a quadrupole filter. Ions are collimated and focused into an octopole ion guide containing the target gas at low pressure with a thermal state distribution. The octopole field both guides and collimates the primary ion beam and focuses the ion products to the detector after their mass selection. Gaseous pure and dry i-C 3 H 7 X (X = Br, OH) are introduced in the octopole (the scattering reaction cell) through a conduit and flow-controlled by a fine-pitch needle valve. The entire system is under very low pressure conditions (high vacuum), the experimental background pressure being maintained in the 1 × 10 6 to 1 × 10 7 mbar range, and the pressure in the target gas cell is low enough to ensure single collision conditions (about 1 × 10 5 mbar). All systems and auxiliary electronic devices are PC-controlled with a software developed in our group using LabVIEW program (© National Instruments).
In a routine experiment lithium ions collide with i-C 3 H 7 X molecules at a laboratory frame (LF) with the energy measured using the retarding potential analysis method 27 employing the octopole guide as the retarding energy analyzer and then measuring the intensity of the primary (I o ) and product (I i ) ions. This gives a nearly Gaussian 10,27 ion energy distribution with some uncertainty measured by its full width at half-maximum (FWHM). Assuming stationary target molecules, each collision energy in the LF can be associated with a single collision energy E 0 in the CM frame, which takes into account the uncertainty of the ion beam energy distribution. Considering also the Doppler broadening on the ion beam energy distribution due to the fact that target molecules are actually not stationary, [28] [29] [30] the reactive cross section at the CM collision energy E 0 is given by
n and l being the target gas density in the reaction cell and its effective path length, respectively. Previous calibration experiments of the experimental setup using results described by Koizumi and Armentrout 23 allows giving cross sections in absolute units with an uncertainty of ∼30%. In the present experiments FWHM for Li + was ∼0.20 eV.
B. Details on the quantum chemistry calculations
A complete understanding of the experimental data requires the knowledge of the interactions between reactants that is reflected in the topography of the PES on which reactive processes take place. For the reactions studied here and taking into account the closed-shell electron configuration of i-C 3 H 7 Br, i-C 3 H 7 OH, and Li + , it can be expected that reactions (1)-(3) will proceed adiabatically on a single potential energy hypersurface. With these assumptions and for each reactive system, the potential energy profile evolution from reactants to final products on the ground singlet PESs has been characterized. The main features of the PESs along the reaction path were obtained by ab initio electronic structure calculations, using a methodology which has given good results in previous works. 22 It functions by locating and characterizing stationary points at the Möller Plesset (MP2) [31] [32] [33] [34] level using the 6-31G Pople basis set including polarization functions: p for each hydrogen atom and d for each heavy atom. Geometries and energies of the different stationary points localized along the reaction path were fully optimized as well as those of the reactants and products. Moreover, a complete analysis of the Hessian matrix was made to ascertain the nature of the PES' stationary points. The corresponding zero point energies (ZPEs) were also obtained using the harmonic approximation. Electronic structure calculations were done using the GAUSSIAN 2003 package, in its Gaussian 03 revision E.01 version. [33] [34] [35] Dynamic correlation energies at the MP2 level have been calculated using both the full-and frozen-core approaches in order to choose the best option, fully understanding that the former does not describe accurately the complexes involving both ion-π interactions and alkali cations, 36 as in this case. Connectivity between the stationary points on the reaction PES along the reaction path was ensured by applying the intrinsic reaction coordinate (IRC) [37] [38] [39] method. (2) , (3), and (4). It is worth noting that the Li + -induced i-C 3 H 7 Br dehydrohalogenation was not among the reactions studied by Allison and Ridge. 15 Such work was particularly relevant in chemical kinetics since, from their results, the authors do deduce an empirical description of the respective reactive potential surfaces, which helps to interpret the experimental observations.
III. EXPERIMENTAL RESULTS AND CALCULATIONS
Cross sections for the five reaction channels observed as a function of the CM energies are shown in Fig. 1 . The excitation function for the adduct (0) formation is shown in Fig. 1(a) . There, it can be seen that the cross section takes high values at low energies and then quickly decreases on increasing collision energy. This adduct has been characterized in a fairly wide energy range (from around 0.50 to 6.00 eV), while the large experimental uncertainties are precluding obtaining reliable values below 0.50 eV. The functions' shape is the one to be expected for reactions without potential energy barrier, as are many ion-molecule reactions, currently interpreted in terms of the simple Giosmousis-Stevenson-Langevin capture model (LGS). 40 The excitation functions for dehydrohalogenation via channels (1) and (2) can be seen in Fig. 1(b) . The dominant reaction is that leading to [C 3 H 6 − −Li] + , with the lithium ion becoming attached to the unsaturated C 3 H 6 product after inducing HBr elimination. When compared with channels (0) and (2) , this channel shows larger cross sections than both of them, while those for [HBr− −Li] + formation via channel (2) are higher than values measured for the reactants adduct cross section. The shape of the excitation function for [HBr− −Li] + formation shows a very small energy threshold, pointing out that the reaction can proceed at very low energies and that, if there is an energy requirement for this channel, it is very close to 0 eV, although experimental uncertainty at low energies precludes giving this value with enough confidence. The function for channel (2) shows a flat maximum located around at 0.30-0.40 eV, with a cross section value of 14.0 Å 2 , later decreasing when the collision energy increases and becoming nearly zero at about 3.0 eV. In Fig. 1(c) is reported the cross section energy dependence for reaction (3), the dissociative process in Li + + i-C 3 H 7 Br collision leading to C 3 H 7 + . The functions' shape clearly shows an experimental energy threshold around 0.5 eV, and it displays also a clear maximum at around 3.0 eV with a cross section value of about 3.0 Å 2 followed by a smooth decrease at higher energies. In the same figure is also plotted the excitation function for C 2 H 3 + formation by C 3 H 7 + fragmentation via reaction (4), which presents an energy threshold of around 3.5 eV, reaches a maximum at about 6.5 eV, and then decreases regularly at higher energies. This means that channel (4) has a much higher energy requirement than (2) and (3) and that, considering its unimolecular character, it can happen only when the internal energy of the C 3 H 7 + produced in reaction (3) is large enough to lead to its fragmentation. 25, 41 B. Quantum chemistry characterization of the stationary points along the reaction pathway on the ground PES for the [Li− −i-C 3 H 7 Br] + reactive system It is well known that numerical results in quantum chemistry calculations for the energetics of chemical reactions are sensitive to the basis set and level of theory used. Moreover, there is no experimental information on the formation enthalpies for ion-molecule products in reactions (1) and (2) . With this in mind and in order to obtain consistent calculated reaction enthalpy values for the reactions studied here, some calculation tests using different basis sets among the best of those employed for these systems (6-31G(d,p) and 6-311G also including diffuse functions) have been done at different levels of theory (MP2 including full electron correlation and frozen core approximations) as well as at the density functional theory (DFT) 42, 43 level using the B3LYP functional. 44 Some of these set-methodology combinations gave a similar behavior or tendencies, while others were disappointing. From a detailed analysis of the different calculations, the calculated reaction enthalpies at 0 K and reaction energies were obtained using the 6-31G(d,p) basis set and the frozen-core approximation at the MP2 level and are given in Table I .
To help with the interpretation of experimental results and using the selected basis set and level of theory, ab initio calculations were started to localize and fully characterize possible stationary points along the reaction path from reactants to products assuming that the reaction evolves adiabatically on the ground singlet PES. In Table II energies of the different minima (M1, M2, M3) and transition states (TS1, TS2) located along the reaction path are given, while Figure 2 shows a schematic representation of the electronic energy including the zero point one (∆H o referred to reactants) for the full evolution profile from asymptotic Li + + i-C 3 H 7 Br reactants to the different reaction products.
The connectivity between stationary points has been ensured by means of the IRC procedure. In Fig. 2 it can be seen clearly that reaction pathways for reactions (1) and (2) share the same evolution sequence of minima and transition states from TS1 till M3. From M3, the associated collision complex has the possibility to dissociate, either leading to reaction (1) products or, alternatively, to those for reaction (2). Moreover, as it is clearly shown in Fig. 2 , from M1 the reactant ion-molecule adduct can evolve adiabatically on the same ground singlet PES to reaction products (3), the decomposition reaction pathway of the M1 adduct, without any additional potential energy barrier.
C. Quantum chemistry structures of the relevant stationary points along the reaction pathway on the ground PES of the (Li− −i-C 3 H 7 Br) + system Optimized equilibrium geometries for products resulting from reactions (1)- (3) together with i-C 3 H 7 Br molecule, all of them optimized and characterized at the MP2 level with Hessian matrix analysis, are shown in Fig. 3(a) . Chemical structures associated with stationary points (minima or transition states) localized along the reaction pathway and optimized in the same way are given in Fig. 3(b) .
Following the reactants to products pathway shown in Fig. 2 , the first stationary point is M1 whose structure (see Fig. 3 (b)) is associated with the [Li− −i-C 3 H 7 Br] + adduct, with Li + being directly coordinated with Br at a distance of 2.417 Å. In this structure the reagent's electron density is modified, the corresponding new charge distribution having been calculated using the Atomic Polar Tensor (APT) method. 45, 46 The main charge modifications occur on lithium, bromine, and central carbon atom (hereafter C central ). Lithium initial positive charge is reduced to 0.879; the negative one on Br increases from 0.309 to 0.468 and the positive one of 0.396 on the central carbon atom becomes 0.611. As the Li− −Br negative net charge increases, the Br− −C central bond weakens (lengthening to 0.072 Å), and this will ease HBr elimination in successive reaction steps. The detailed analysis of the valence molecular orbitals of the [Li− −i-C 3 H 7 Br] + structure shows a negligible participation of the lithium's atomic orbital, clearly showing that the ion-molecule interaction is essentially non-covalent in nature, as was also observed in previous studies on similar systems. 11, 19 The study of the reaction pathway leading from M1 to (1) and (2) products requires an exhaustive and wide characterization of the interaction energies which in the first step localizes a first order saddle point (0.457 eV below reactants' energy) associated with the transition state TS1. This has a single Hessian matrix negative eigenvalue with a 245.24 i cm 1 imaginary frequency. In detail, this path shows that, as the initial Br− −C central distance in M1 increases going to TS1, the CH 3 group rotates and one hydrogen atom approaches the Br one (up to 2.395 Å) as shown in Fig. 3(b) , also lengthening the Br− −C central distance from 2.051 to 3.244 Å. From the same figure, it can be appreciated that, on moving from M1 to TS1, the Li− −Br and C central − −CH 3 distances decrease to 0.134 and 0.110 Å, respectively. Localized charges on C central and Li atoms remain almost unchanged while the electron density on the Br atom grows substantially, its negative charge increasing from 0.468 to 0.852. This leads to an increase in the electropositive character of all hydrogen atoms, particularly for the one interacting with the Br, which changes from 0.026 to 0.255.
From the TS1 structure and following the IRC path in the sense of the negative imaginary frequency, the supermolecule reaches a shallow minimum M2 having an energy close to that of TS1 (see Table II ) and 0.491 eV below reactants. Its structure is shown in Fig. 3(b) , where it can be seen that in this intermediate the C central − −C terminal distance differs only 0.062 Å from that in the isolated product molecule (Fig. 3(a) ). Also, the active H atom approaches the Br one with an interatomic distance of 2.027 Å, still somewhat far from that calculated for the isolated molecule (1.406 Å), and with lithium interacting with Br at 2.303 Å. In this M2 intermediate, the active hydrogen increases its net positive charge from 0.255 (in TS1) to 0.542, while that of bromine is slightly increased to 0.883; the remaining hydrogen atoms have a near-zero positive charge J. Chem. Phys. 146, 134301 (2017) and that for the terminal carbon atom of the C= =C bond is 0.286. From M2, the reactive system evolves along the reaction path until it reaches the top of a relatively low potential energy barrier (0.096 eV above M2) characterized as a first order saddle point with a 104.93i cm 1 imaginary frequency associated with the TS2 transition state whose optimized structure is shown in Fig. 3(b) . In this transition state, Li + gets nearer to the C terminal on the C= =C bond, which has the highest electron density point of the C 3 H 6 fragment. In this structure, the H− −Br distance differs only in 0.040 Å from the equilibrium one in the isolated molecule. In the TS2 structure shown in Fig. 3(b) , it can be seen that the distances of both hydrogen and lithium centers to the carbon centers in the C= =C bond are relatively large (>2.00 Å), with the H− −Br− −Li centers and the C= =C carbon centers being almost located in the same plane which is practically perpendicular to the C 3 H 6 fragment one. By going on from TS2 along its imaginary frequency, another M3 minimum is reached, whose structure is shown in Fig. 3 (b) at 1.013 eV below reactants. The M3 intermediate displays a structure in which the Li + is coordinated with the HBr molecule through interaction with the bromide atom and to the C 3 H 6 molecule by the C= =C double bond, these being located in opposite sides. The APT atomic net charges on lithium, terminal carbon in the C= =C bond, and bromine centers are 0.742, 0.195, and 0.105, respectively, values that qualitatively justify the coordination structure in M3. As was the case for M1, valence molecular orbitals of M3 do not show significant participation of the lithium atomic orbitals, interactions being essentially non-covalent in nature. Moreover, bond distances of the HBr and C 3 H 6 fragments in M3 are also very close to those calculated for separated molecules. From the M3 structure, reaction products (1) and (2) can be easily produced by a simple lengthening of the Li− −Br or Li− −C 3 H 6 distances, respectively, as can be inferred from the M3 structure in Figure 3(b) . (2) as a function of the CM collision energy are shown in Fig. 4(a) , while those for reaction (3) and its subsequent decomposition, reaction (4), are given in Fig. 4(b) . While the ion-molecule adduct (m/z = 67 units) was detected in the mass scan, the large uncertainties found when measuring the corresponding intensities precluded obtaining its excitation function.
IV. EXPERIMENTAL RESULTS AND CALCULATIONS
In Fig. 4(a) , it can be appreciated that the excitation function shows high cross section absolute values, and that the energy dependence seems to reveal the presence of an energy threshold in the order of a few tenths of eV, but unfortunately the high signal-to-noise ratio added to the FWHM uncertainty precludes its estimation with enough confidence. On the contrary, the excitation function for reaction (2) leading to [H 2 O− −Li] + does not show the presence of an energy threshold. In Fig. 4(b) the excitation function for the [Li− −i-C 3 H 7 OH] + adiabatic decomposition shows an energy dependence of the kind expected on reactions with an energy requirement, with an experimental threshold energy of around 1.80 eV. The cross sections for reaction (1) increase with the collision energy up to a maximum value of about 90 Å 2 at around 4.80 eV, and then they decrease until disappearing at higher energies. In the same figure the excitation function for the decomposition reaction (4) shows a similar behavior with a threshold energy that can be roughly estimated as 3.0 eV and a maximum of 65 Å 2 at 7.0 eV, and then they decrease and disappear at about 11 eV. As in the case of the Li + + i-C 3 H 7 Br system, C 3 H 7 + decomposition takes place only when the collision For its ground singlet PES, the most relevant stationary points along the Li + + i-C 3 H 7 OH reaction pathway as well as the energetics of the different reactions have been characterized in the same way as that for the dehydrohalogenation presented in Section III, using also different basis sets and levels of theory. Table III gives calculated reaction energies (∆ r E) and enthalpies (∆ r H o ) at 0 K for reactions (1)- (3) at the MP2 level in the frozen-core approximation and using the 6-31G(d,p) basis set.
It can be seen that reactions (1) and (2) are both exoergic and exothermic, while (3) is endoergic and endothermic, the inclusion of the ZPE leading to a reduced energy content of the final reaction products. Ab initio calculations were also performed to localize and fully characterize all the possible stationary points along the reaction path from reactants to products. Energies for the different minima (M1, M2, M3) and transition states (TS1, TS2) located along the reaction path on the same PES are given in Table IV while Fig. 5 shows a schematic energy profile evolution of the reaction system from reactants to products where energies include the ZPE (∆ r H o ) with all values referred to reactants. As can be seen when comparing data reported in Tables II and IV  and Figures 2 and 5, i-C 3 H 7 Br dehydrohalogenation and i-C 3 H 7 OH dehydration reactions show a completely similar sequence of minima and saddle points (M1 → TS1 → M2 → TS2 → M3) along the reaction pathway in the different reaction channels, the connectivity between stationary points for the latter being also proved using the IRC method. As shown in Fig. 5 the M1 ion-molecule adduct can evolve adiabatically on the ground singlet PES to final products according with reaction channels (1) or (2) or, alternatively, decompose to reaction products (3) simply overcoming the reaction enthalpy of the process, the C 3 H 7 + product being able to further decompose at higher collision energies.
C. Quantum chemistry structures of the relevant stationary points along the reaction pathway on the ground PES of the [Li− −i-C 3 H 7 OH] + reactive system
Optimized geometries for the reactant molecules and for all products not produced also in the Li + + i-C 3 H 7 OH reaction, characterized at the MP2 level and a Hessian matrix analysis, are shown in Fig. 6 (a) while those associated with the different stationary points localized along the reaction pathway are plotted in Fig. 6(b) . In Fig. 5 it can be seen how the system evolves into [Li− −i-C 3 H 7 OH] + (associated with the stationary point M1 and located 1.955 eV below reactants). This adducts' geometry is shown in Fig. 6(b) , where it can be seen that Li + is coordinated with O at a distance of 1.841 Å, causing the O− −C central distance to increase from 1.431 Å to 1.474 Å, the C− −O− −Li angle being 118.36 • . As was to be expected, the ion-molecule interaction modifies the electron density distribution of the neutral molecule, changing the localized charge of the oxygen atom from 0.609 to 0.776 while, the lithium one decreases to 0.845. At the same time, the C central net charge remains almost unchanged (from 0.537 without interaction to 0.543 in the adduct) and the terminal carbon atoms increase slightly their very small net negative charge as do the H atoms their positive one (by around 0.03). Also, the hydroxyl hydrogen net change is about 0.076 larger than that of the other ones. There is then a slight increase in the acidic character of all hydrogen atoms. Following the reaction pathway, the M1 structure, after being properly distorted, reaches the top of a potential energy barrier (at 0.279 eV above reactants' energy) associated with the transition state TS1 with a 917.90 i cm 1 imaginary frequency which is represented in Fig. 6(b) . The evolution from M1 to TS1 along the IRC coordinate leads the O− −C central bond distance to increase from 1.474 Å to 2.359 Å while the CH 3 rotates until one hydrogen atom faces the oxygen atom at 1.678 Å, its bond to the C lengthening to 1.188 Å in TS1. In this structure, the charges localized on O and on C terminal atoms increase up to 1.081 and 0.349, respectively, the net charge on the hydrogen in the OH group decreases to 0.321 while net charge on the hydrogen of methyl interacting significantly increases (up to 0.306), the localized net charge on lithium (0.864) remaining practically unchanged. From TS1, the IRC evolution along the imaginary frequency leads to a very minimum M2 (at 1.405 eV below the energy of reactants), its structure being given in Fig. 6(b) . The M2 structure clearly shows that the dehydration is essentially achieved in this step, with the C 3 H 6 and H 2 O products already formed but with both molecules interacting simultaneously with Li + . In M2, the distances O− −H (0.985 Å) and C central − −C terminal (1.346 Å) are very close to the equilibrium ones in the isolated molecules (0.961 Å and 1.337 Å, respectively). Moreover, the long distance (2.130 Å) between the transferred H atom to oxygen and the C central makes evident that the hydrogen transfer has been completed. In the M2 structure, the electron density is highest in the O atom and the double bond C terminal , while the positive charge is essentially located on the lithium center having an APT charge of 0.914.
At this step in the evolution along the energy profile shown in Fig. 5 , the reactive supermolecule easily overcomes a small potential energy barrier (only 0.030 eV above the energy of the M2 minimum) and reaches a new transition state TS2 with a 115.64 i cm 1 imaginary frequency. The M2 structure is shown in Fig. 6(b) , where it can be clearly seen that the H 2 O molecule, the lithium center, and the C= =C double bond all lie essentially in a plane practically perpendicular to the C 3 H 6 skeleton with H transferred to the water pointing to the C central and the lithium center far (3.345 Å) from the C terminal . The TS2 electron density distribution is quite similar to the M2 one, with the oxygen atom showing the most significant change in its localized charge from 0.827 to 0.748. Going onwards from TS2, the system evolves into a new potential energy minimum (M3) at 1.949 eV with respect to the reagents' energy and almost as stable as the M1 adduct. The M3 structure is given in Figure 6 (b). This structure clearly shows the lithium center as being coordinated with both C 3 H 6 and H 2 O molecules. In this new adduct, net APT localized charges on lithium and oxygen are 0.768 and 0.657, respectively, and 0.177 on the C terminal , while those on C central and the methyl group carbon are very small. A detailed analysis of the valence molecular orbitals does not show significant contributions from the alkali atomic orbitals, reflecting the essentially non-covalent interaction between participants. The M3 structure makes easy to interpret the endoergic processes leading either to the final products (1) or (2) by means of the dissociation of the Li− −O coordination interaction in the former case or, alternatively, of the Li− −C 3 H 6 one in the latter.
V. DISCUSSION
A. Lithium ion-induced dehydration and dehydrohalogenation processes
For both dehydration and dehydrohalogenation processes, the M1 adduct structure can be considered as the equilibrium geometry of the collision complex (formed in the bimolecular process) that can be stabilized by infrared emission along their flying time (estimated in the 10 4 s range under experimental conditions) from the reaction zone to the ion detector, assuming their internal energy transfer to be fast enough (currently in the 10 13 s range). However, signals measured at the corresponding m/z ratios include not only those structures near M1 that can be associated with stabilized intermediates but also any structure of the collision complex adopted along the reaction pathway but not yet rearranged into final reaction products (1) or (2) . These considerations could explain, at least at a qualitative level, the difficulties found in fitting the corresponding excitation function to analytically simple models currently working satisfactorily in most simple reactions. 27 Inspection of the potential energy profiles along the reaction evolution given in Figures 2 and 5 (see also Tables III and IV) shows that both collision systems present a relatively deep potential energy well in the reactants' side of their PES of the full system. As commented in Secs. III B and IV B, the formation of adducts with the M1 structure can be interpreted as mainly due to long range ion-molecule interactions. This follows from the analysis of the quantum chemistry valence molecular orbitals in which the contribution of the lithium atomic orbitals can be completely neglected, pointing to an essentially non-covalent interaction between both adduct partners (similar results were also found for other alkali ion-molecule systems [10] [11] [12] ). Taking into account that both i-C 3 H 7 Br and i-C 3 H 7 OH are both polar and polarizable, the former containing a highly polarizable, big-sized bromine atom and the latter the polar OH group, an important electrostatic ion-molecule interaction can be expected in both cases. In the first approach and in terms of simple, non-covalent model approximations, the interaction potential energy V (r) at a fixed distance r between the lithium ion and the center of the charge distribution of those molecules can be described mainly as a sum of the long-range ion-dipole (i-d) and ion-induced dipole (i-id) interactions involving the corresponding molecular polarizabilities (α) and dipole moment (µ). 47, 48 In such a model, V (r) would be given by the well-known αq 2 /2r 4 µq cos γ/r 2 equation where q is the charge of the ion and γ the angle between r and µ vectors 40 which describe i-d and i-id interactions, respectively. In this approach and using for V (r) the M1 potential energy well depth calculated at the ab initio level for both M1 structures, the associated distances r were found to be about 3.1 Å and 2.6 Å, respectively. These results agree well with the distances (2.9 Å and 2.5 Å) estimated from quantum chemistry structure calculations. Even though, as it is well known, a purely electrostatic ion-molecule interaction cannot fully describe adduct structures calculated at the quantum chemistry level, these estimated distances provide a first approach to a qualitative understanding of the adducts' formation, in which the positive lithium center is coordinated with the side of the molecule containing bromine or oxygen atoms, the M1 atomic centers having the highest negative density of charge, as shown by the quantum structure calculations. Although the experimental excitation function for [Li− −i-C 3 H 7 Br] + adduct formation given in Fig. 1(a) shows the shape expected for barrierless ion-molecule chemical reactions, which is currently interpreted in terms of simple ion-molecule capture models (such as the LGS one, where the molecular polarizability controls the reactivity of the system), it proved unfeasible in the present case to fit satisfactorily the measured cross sections as a simple function on E 1/2 .
More elaborated yet still simple models, taking into account the combined ion-induced dipole and ion-permanent dipole models (such as the so-called locked dipole, frozen dipole, or the average dipole orientation ones, 49 which include several fitting parameters and combine energy dependences on E and E 1/2 ) while being also able to qualitatively describe the cross section energy dependences, did not fit adequately the experimental results.
Assuming that the reactive collisions evolve adiabatically on the ground singlet PES along the reaction pathways shown in Figures 2 and 5 (see also Tables I and III) , the exothermic character of the reaction (1) in both systems is evident, while (2) is slightly endothermic for Li + + i-C 3 H 7 Br and exothermic for Li + + i-C 3 H 7 OH. Accordingly, for the former system, which has no energy barrier over reactants, the excitation function for reaction (1) does not show an energy threshold ( Fig. 1(b) ), while for the endothermic reaction (2) an experimental energy threshold (around 0.1 eV) is found in a good agreement with the calculated reaction heat (0.09 eV), its measured cross sections being smaller than those for reaction (1) . For the Li + + i-C 3 H 7 OH system, while both reactions (1) and (2) are exothermic, the potential energy barrier associated with TS1 (see Figure 5 ), lying at 0.279 eV over reactants, leads to finding a threshold energy for both channels. As can be seen in Figure 4(a) , the excitation function for reaction (1) seems to show a maximum in the 0.20-0.30 eV energy range, quite like the height of the ZPE potential energy barrier. Even though a similar behavior is to be expected for reaction (2) , the measured excitation function did not permit even a rough estimation of the threshold energy, due perhaps to a sum of the effects of a very high reactivity near the nominal energy threshold and of the experimental collision energy spread. From the measured reaction cross section values, it can be inferred that both Li + + i-C 3 H 7 Br and Li + + i-C 3 H 7 OH systems show a high reactivity in the range of collision energies studied particularly for the latter system at low energies. Assuming a thermal Maxwell-Boltzmann distribution both for the molecules' internal rotational and vibrational states and for the collision energies and taking into account that measured reaction cross sections include all state-to-state cross sections, the thermal rate constants k(T ) can be calculated 40 at 303 K (the temperature of the target molecule inside the reaction chamber) from the excitation functions. Calculated rate constants for reactions (1) and (2) in Li + + i-C 3 H 7 Br collisions are around 4.6 × 10 11 cm 3 s 1 molec 1 and 5.7 × 10 14 cm 3 s 1 molec 1 , respectively, while those in the Li + + i-C 3 H 7 OH system are 1.6 × 10 10 cm 3 s 1 molec 1 and 1.4 × 10 9 cm 3 s 1 molec 1 , respectively. The former reaction was not considered by Allison and Ridge 15 while for the latter, although explicitly included in their work, they did not observe reactivity. Present estimated rate constant values in the Li + + i-C 3 H 7 Br system are clearly under the estimated range (2-10 × 10 10 cm 3 s 1 molec 1 ) for reactive systems reported in Ref. 15 , while in the Li + + i-C 3 H 7 OH one, estimated present values being just in the limit of those reported in that reference, and this could help to explain its failure to assign reactivity to Li + + i-C 3 H 7 OH collisions.
About the decompositions (3) in Figures 2 and 5 , it can be appreciated that both reactions are endothermic, the energy threshold being estimated from the calculated ∆ r H o value, and evolve on the same PES on which reactions (2) and (3) take place. Experimental excitation functions (Figures 1(c) and 4(b) ) show the expected energy dependence for endothermic reactions. Experimental energy thresholds can be estimated at around 0.50 eV for Li + + i-C 3 H 7 Br and 1.50 eV for Li + + i-C 3 H 7 OH, while calculated values are 0.689 eV and 1.892 eV, respectively. Taking into account experimental uncertainties on both the cross section and on the collision energies, calculated and estimated energy thresholds for reactions (3) agree well enough in both reactive systems. In the post-threshold energy region, excitation functions for both reactions (3) display a maximum and then smoothly decrease at higher collision energies. At low energies, cross section values for reactions (3) are smaller than those for reactions (1) and (2) in both reactive systems. Furthermore, reaction (3) reaches its maximum in the energy range where reactions (1) and (2) it can also be seen that, at energies around the reaction (3) maxima, the function for C 2 H 3 + formation via reaction (4) starts to grow up, showing similar energy dependences for both collision systems. As commented in the corresponding experimental section, reaction (4) can take place only when the total energy content of the parent C 3 H 7 + is high enough to allow its dissociation as a unimolecular reaction, thus showing the corresponding energy threshold. It is important to remark that reaction (4) takes place on a PES different from that on which reactions (1)-(3) evolve adiabatically since reaction (4) are secondary reactive processes occurring when the total energy of the parent molecule is high enough to allow the atomic rearrangement and the carbon-carbon bond cleavage involved in the reaction. 24 Despite the experimental uncertainties, threshold energies from Figures 1(c) and 4(b) can be estimated as being roughly about 3.0 eV for both Li + + i-C 3 H 7 Br and Li + + i-C 3 H 7 OH, as can be expected since they are really the same chemical reaction in both cases. This value is in good-enough agreement with one (2.83 eV) calculated previously by some of the authors. 24 At a qualitative level, the fall in the C 3 H 7 + excitation function can be attributed at least partially to the aperture of channel (4) and also to the decrease in C 3 H 7 + production when collision energies increases, as is usual in reactions with an energy barrier. As to its shape, the excitation function for C 2 H 3 + is similar to that for its C 3 H 7 + parent.
B.
A brief survey on similarities and differences on alkali ions induced elimination reactions on collisions with i-C 3 H 7 Br and i-C 3 H 7 OH gas phase molecules
When comparing Li + , Na + , or K + induced dehydrohalogenation reactions of the i-C 3 H 7 Br with those corresponding dehydration reactions of the i-C 3 H 7 OH (with all reactants in their electronic ground singlet state), we found a set of similarities among them, not the lesser of them being that they all lead to products formed in channels (1) and (2), but there are also significant differences in reactivity which deserve further consideration.
Considering Li + + i-C 3 H 7 Br, it can be seen from ab initio calculations given in Figure 2 that the potential energy profile along the reaction pathway shows reaction (1) to be slightly exothermic while reaction (2) is slightly endothermic and that the reaction evolves from reactants to products without any potential energy barrier higher than the asymptotic energies of reactants or products. In the case of Na + + i-C 3 H 7 Br, reactions (1) and (2) are both endothermic, and the reaction pathway shows a small transition state potential energy barrier over reactants 50 but slightly below the asymptotic energies of both reaction products. However, in the case of K + + i-C 3 H 7 Br, both reactions (1) and (2) are also endothermic 22 but there is a high transition potential energy barrier over the asymptotic energy of both reaction products. Taking into account the ab initio information on the adiabatic PESs of all three systems, their reactivity can be mainly correlated with the height of the transition state potential energy barrier between reactants and products. In fact, the barrierless Li + + i-C 3 H 7 Br system (only reaction (2) is slightly endothermic) shows the highest reactivity. The behavior of the Na + + i-C 3 H 7 Br system is quite similar to the lithium one. The reactivity in both channels was also enough to allow an estimation of the corresponding rate constants (5.1 × 10 13 cm 3 s 1 molec 1 for reaction (1) and 2.6 × 10 13 cm 3 s 1 molec 1 for (2), as given in Ref. 50) although the reactivity of the Na + + i-C 3 H 7 Br system is two orders of magnitude lower than the Li + + i-C 3 H 7 Br one. As to K + + i-C 3 H 7 Br, quantum chemistry calculations 22 show that both reactions (1) and (2) are much more endothermic that in the case of Na + but now the PES profile along the reaction pathway has a potential energy barrier much higher than the reaction endothermicity, and it proved impossible to measure the reactive excitation function for reaction (1) while for (2) a very low value (5 × 10 27 cm 3 s 1 molec 1 ) 22 was found.
Another typical feature common to all three M + + i-C 3 H 7 Br (with M = Li, Na, K) systems is the presence of a relatively deep potential energy well (before the transition potential energy barrier just mentioned), located at the entrance of the reaction path valley and whose depth diminishes going from Li + to K + . This structure can be seen as being the ion-molecule adducts resulting mainly from the ionmolecule interaction of non-covalent character that also plays the role of intermediates associated with the collision complex. Excitation functions have been experimentally measured for all three systems. This collision complex leads to the final reaction products by a translation to vibration energy transfer (T → V ) process where non-adiabatic couplings between vibrational modes get the necessary energy to those vibration modes more involved in the rearrangement finally leading to elimination reactions (1) or (2) .
Moving to the case of M + + i-C 3 H 7 OH (with M = Li, Na, K) collisions, the evolution of their potential energy profiles along the reaction pathway shows a similar pattern to those found in the case of the i-C 3 H 7 Br. Thus, they have in common a transition state potential energy barrier (at the exit of the ion-molecule potential energy well) that for all three systems is higher than the corresponding asymptotic energies of reactions (1) and (2), this energy difference increasing on going from lithium to potassium.
As in the case of isopropyl bromide, for Li + + i-C 3 H 7 OH both reactions (1) and (2) have been observed and their rate constants estimated, the most exothermic reaction (2) being faster according to a statistical interpretation of the reactions rates. 40 Moreover, this system is the most reactive one among those involving the isopropyl alcohol. This also is in agreement with the lower potential energy barrier calculated for the different alkali-ion alcohol systems. In Na + + i-C 3 H 7 OH, the exothermic character of reactions (1) and (2) is smaller than in the case of the lithium ion, with the latter being faster at some 9.6 × 10 9 cm 3 s 1 molec 1 , while is proved impossible to measure the excitation function for the more endothermic reaction (1) experimentally. 50 For this system the transition state potential energy barrier increases. For K + + i-C 3 H 7 OH, reaction (1) is endothermic, while (2) is exothermic but the transition state potential energy barrier is so much higher than the asymptotic one of both reactions that it was not possible to measure their excitation functions. 22 As in the case of reactions with isopropyl bromide, the presence of the potential energy well (mainly due to ionmolecule interactions which stabilize the collision complex) allows measuring the adduct excitation functions in reactions with Na + and K + but not Li + . This is probably a consequence of the high reactivity of the [Li− −i-C 3 H 7 OH] + since, while being the most stable structure of the three adducts, it needs to overcome the lowest potential energy barrier in order to arrive at products (1) and (2) . This would mean that the transient species' lifetime will be so reduced that, although detected experimentally, it proved unfeasible to measure the corresponding excitation function.
About decomposition reactions (3) resulting from a heterolytic cleavage of the essentially covalent bond C central − −X (with X = Br, OH) and producing C 3 H 7 + , the corresponding excitation functions could be measured for all collision systems. For M + + i-C 3 H 7 Br, the reaction endothermicity increases from lithium to potassium ions, being reaction cross sections for Li + and Na + in the range of a few Å 2 (although something larger in the case of Na + ) 50 while those for K + are in the tenths Å 2 range. 22 For M + + i-C 3 H 7 OH a similar behavior is also found, showing large cross section values in collisions with Li + and Na + (in the high 10 Å 2 range for the former and of a few 10 2 Å 2 range for the latter) while for K + , cross section values are in the 10 2 Å 2 range.
The strongly endothermic character of reaction (3) (as it was the case for (1) and (2)) requires a translational to vibrational energy transfer (T → V ) in order to allow the ionmolecule adduct to decompose, and measured cross section values clearly indicate that Li + and Na + are rather more effective in promoting (3) than K + . A plausible and qualitative interpretation of this behavior could be the larger size of K + compared to those Na + and Li + . This effect would also justify the later decomposition of C 3 H 7 + producing C 2 H 3 + by reaction (4), for which measured cross section values are similar to those measured for reaction (3) in the case of Li + , not important or practically negligible for Na + and not present in K + . This effect (which is entirely similar in the case of i-C 3 H 7 Br and i-C 3 H 7 OH molecules colliding with alkali ions) seems to correlate the larger reactivity and efficiency in promoting a T → V energy transfer by Li + with its smaller size but this assertion would require a theoretical dynamic study to confirm it.
VI. CONCLUSIONS
Using the experimental RF-GIB technique, the gas-phase, Li + collision induced i-C 3 H 7 Br dehydrohalogenation and i-C 3 H 7 OH dehydration have been studied, being all reactants in their ground electronic state. A mass spectrometry analysis of their different ionic products proved the existence of several reaction channels, the corresponding excitation functions being measured for the first time in absolute units in the 0.10-10.00 eV collision energy range. For both collision systems, Li + was able to attach itself to the C 3 H 6 unsaturated hydrocarbon or to the eliminated HBr or H 2 O molecules. Moreover, in the case of the i-C 3 H 7 Br the formation of the stable [Li− −i-C 3 H 7 Br] + adduct was characterized and the corresponding excitation function measured while in the case of i-C 3 H 7 OH this was not possible because of the large measurement uncertainties. The high reactivity of the Li + + i-C 3 H 7 OH system, even at very low collision energies, could explain at least qualitatively the experimental incapability for measuring the excitation function of the corresponding adduct formation. Moreover, the products from adduct decomposition reactions (3) were characterized and their excitation functions measured, as well as those of the C 3 H 7 + unimolecular decomposition when total energy was enough to allow reaction (4) to take place. Experimental studies are accompanied by ab initio quantum chemistry calculations at the MP2 level, and these allowed the characterization of the different reaction channels as well as the stationary points explored by the system along the reaction path from reactants to products on the adiabatic singlet ground state PES. The evolution of the potential energy profile along the reaction path on the PES allows a qualitative interpretation of the cross section energy dependences for the different reaction channels. Experimentally estimated threshold energies are in agreement with those obtained in quantum chemistry calculations, confirming the important role played by the non-covalent interactions in the formation of the ionmolecule adducts and the evolution of the different reaction channels. A full comprehension of the different dynamical effects associated with reaction evolutions would require a theoretical dynamical calculation, but unfortunately the absence of analytical PESs for the systems studied here, and the prohibitive computer time requirement for a direct trajectory study of those reactions does not allow a full dynamics interpretation of the experimental studies.
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